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Abstract
Candida albicans infections are a substantial cause of illness burden in immunocompromised patients.
The opportunistic pathogen, C. albicans is polymorphic in nature which shows commensalism in humans,
and colonizes mostly mucosal surfaces of the human body, including the respiratory, urinary, genital,
gastrointestinal tracts and oropharyngeal cavity. It can cause infections which range from superficial
infections such as oral thrush to serious infections like candidemia and disseminated candidiasis. These
infections occur when Candida spp. undergo a reversible morphological transition from yeast to filamentous
form. Significant efforts are focused on the mechanisms that control this transition. Antifungal drugs such
as azoles, polyenes, allylamines and echinocandins are most commonly used in the treatment of Candida
infected patients. The toxicity of antifungal medications on human cells, coupled with the increasing
resistance of Candida infections to these drugs, highlights the necessity for the development of novel
strategies to enhance the well-being of patients affected by such infections. Lactobacillus spp. found in
the human microbiome are the natural competitors of Candida spp. and have the potential to control
fungal growth. Lactic acid bacteria are cocci or rod-shaped, Gram-positive, non-spore forming bacteria.
LAB produces lactic acid and other metabolites which suppress filamentation, a key virulence feature of
C. albicans. This review provides a comprehensive overview of novel strategies in the prevention of
Candida infections by highlighting the significance of LAB.
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1. Introduction

It is estimated that there are around 8.7 million eukaryotic species
exist in the world, and out of this staggering number, fungi account
for approximately 7%, or about 611,000 species. However, only a
small fraction of these fungi, about 600 species, are known to cause
diseases in humans (Talapko et al., 2021). Despite their small
numbers, these fungi can cause a wide range of diseases from mild
infections of skin caused by dermatophytes and Malassezia species,
to more serious cutaneous infections caused by Sporotrix schenkii,
and even life-threatening systemic infections like those caused by
Cryptococcus neoformans, Aspergillus fugmigatus, Histoplasma
capsulatum and Candida albicans (Vaishali et al., 2021).

Candida is a diverse genus of fungi consisting of more than 200
species (Zeise et al., 2021) among the Candida spp., C. albicans is
the most common fungal pathogen of human diseases, followed by
Candida glabrata, Candida parapsilosis, Candida tropicalis, and
Candida krusei (Giri and Kindo, 2012). The threat of systemic
infections from Candida spp. looms large, with hospitalized patients
facing a crude mortality rate of more than 50% (Talapko et al.,
2021). While C. albicans typically inhabits mucosal surfaces without
causing harm, it can cause two major types of infection: superficial
infections like oropharyngeal candidiasis (OPC), chronic

mucocutaneous candidiasis (CMC), vulvovaginal candidiasis (VVC),
and lethal infections such as invasive candidiasis (e.g., candidemia
and disseminated candidiasis) (Vaishali et al., 2021). Hospital-
acquired bloodstream infections caused by Candida spp. are a
significant concern for patients undergoing surgery, as well as for
those with underlying immunological deficiencies and/or
chemotherapeutic interventions (Wisplinghoff et al., 2004; Pfaller
and Diekema, 2007). Patients with neutropenic cancer and organ
transplants face an especially high risk of Candida infections (Kumar
et al., 2012).

Candida spp. have an intriguing ability to transform from their
harmless yeast form to a filamentous hyphae form, which facilitates
their invasion and penetration into tissues. Many modern diagnostic
technologies such as MALDI-TOF-MS, real-time PCR and DNA
microarray have been developed to identify fungal infections (Kabir
and Ahmad, 2013). However, the antifungal drugs currently available
are limited to only a few classes of compounds, including polyenes,
allylamines, azoles, fluoropyrimidines and echinocandins.
Unfortunately, the widespread use of these antifungal agents has
fueled the emergence of drug-resistant strains, further complicating
the management of Candida infections. Adding to the complexity is
the fact that Candida biofilms on catheters can cause bloodstream
infections and catheter-related infections caused by Candida and
other microbial biofilms contribute to an overwhelming 90% of
hospital-acquired infections, presenting a significant cause of
morbidity and mortality (Costerton, 1995).

The advent of newly discovered antifungal drugs, antibiotics, vaccines,
and natural products have emerged as crucial alternatives that can be
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used either independently or in conjunction with antifungal drugs to
mitigate the side effects and toxicity associated with conventional
antifungal therapies (Mortale and Karrupayil, 2018). Compared to
their synthetic counterparts, natural products possess several
advantages, including structural diversity and a relatively low toxicity
towards human cells. In healthy individuals, the growth of fungi is
kept in check by the immune system and the actions of other
commensal microorganisms present in the human microbiome.
However, when these barriers are disrupted, C. albicans can begin to
act as pathogen, resulting in various infections. This article will
provide an overview of Candida infections, the drugs used to treat
candidiasis, drug resistance, certain preventive measures and role of
lactic acid bacteria in combating C. albicans infections.

2. Infections caused by Candida spp.

C. albicans is an opportunistic pathogen that can cause various
types of infections under certain circumstances, such as changes in
environmental pH and exposure to stress conditions. Candidiasis
can affect both healthy and immunocompromised individuals (Liu et
al., 2006), and it can be categorized as superficial mucosal candidiasis
and invasive candidiasis. OPC occurs in high-risk patients, such as
diabetic patients, dental wearers, patients treated with broad-
spectrum antibiotics, and those infected with HIV (Vaishali et al.,
2021). In fact, approximately 84% of individuals infected with HIV
are asymptomatically colonized by Candida spp. in the oral cavity
(Sangeorzan et al., 1994), which is considered an important marker
for the onset of AIDS. CMC is caused by a heterogeneous group of
primary immune deficiencies that are not able to clear fungal
infections, resulting in recurrent infections of the skin and mucosal
membranes with C. albicans (Lilic, 2002). Patients with chronic and
recurring C. albicans infections of the skin, nails, and mucous
membranes are said to have chronic mucocutaneous candidiasis, a
complicated condition. Patients with CMC can be divided into a
number of subgroups based on the distribution and severity of the
Candida infections, as well as autoimmune illnesses, endocrino
pathies, thymomas, and interstitial keratitis as possible concomitant
conditions. In patients with persistent mucocutaneous candidiasis,
a number of additional diseases may also coexist. Alopecia totalis,
vitiligo, tooth enamel dysplasia, various infectious disorders, and
endocrinopathies are a few of these. The most common type of
mucosal candidiasis is VVC, affecting up to 75% of women of child-
bearing age (Cassone et al., 2007). VVC is characterized by itching,
irritation, persistent genital pain, and vaginal discharge. There are
two types of VVC: uncomplicated and complicated VVC.
Complicated VVC is defined as a recurrent disease in which an
individual experience more than four episodes of symptomatic VVC
within one year (Sobel et al., 2004). Primary immunodeficiencies
can also be a cause of mucosal candidiasis. Unlike superficial
candidiasis, invasive candidiasis is more deadly categorized as
disseminated candidiasis and candidemia. Disseminated candidiasis
caused by Candida is a severe deep-seated organ infection that affects
the liver and spleen. The clinical spectrum of disseminated candidiasis
varies from fever to severe sepsis with multi-organ failure (Gurey et
al., 2009). Pathogens can enter the intravascular compartment
through an indwelling intravascular catheter site or from the
gastrointestinal tract or skin. Candidemia accounts for 15% of
bloodstream infections in hospitals, with Candida spp. being the
main causative agents in 60% of systemic fungal infections (Barchiesi
et al., 2016).

3. Pathogenicity mechanisms

C. albicans is a species which presents a high degree of flexibility
and is able to infect a diverse host niche because of its great array of
fitness attributes and virulence factors as described in Figure 1.
Fitness attributes like being able to rapidly adapt in an extremely
wide range of environments regarding to the nutrient’s availability,
variations in temperature, pH, osmolarity and amount of oxygen
available (Paramythiotou et al., 2014). Virulence factors such as
morphological transition between yeast and hyphal form, adhesins
and invasins expression on the cell surface, formation of biofilms,
hydrolytic enzyme secretion, thigmotropism and contact sensing
(Mayer et al., 2013).

Figure 1: Different types of pathogenicity mechanism.

3.1 Fitness attributes of C. albicans

3.1.1 Adaptation to pH

C. albicans is a common opportunistic fungal pathogen that can
cause a range of infections in humans. In order to survive in the host,
C. albicans must be able to adapt to a dynamic range of pH environ-
ments. For example, the pH of human blood is slightly alkaline (pH
7.4), the digestive tract ranges from very acidic (pH 2) to alkaline
(pH 8), and the vaginal pH is around pH 4 (Davis, 2009). Therefore,
C. albicans needs to be able to handle this dynamic pH environment
in order to survive. The ability of C. albicans to adapt to pH changes
is crucial for its survival in different host niches. When the pH is
neutral to alkaline and nutrient acquisition is impaired, C. albicans
experiences acute stress (Mayer et al., 2013).  C. albicans has evolved
a range of strategies to thrive and survive in different pH
environments, including the activation of signal transduction
pathways, secretion of pH-modulating enzymes, and expression of
pH-responsive genes (Mayer et al., 2013). These features collectively
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underscore the importance of understanding the pH-dependent
mechanisms underlying adaptation and virulence of C. albicans, and
the role they play in this fungal pathogen’s successful colonization
and infection of human hosts. To adapt to changing pH levels, the
fungus uses cell wall -glycosidases Phr1 and Phr2. PHR1 is essential
for systemic infections and is expressed at neutral to alkaline pH,
while PHR2 is mainly expressed at acidic pH and is required for
vaginal infections (Miao et al., 2020).

The Rim101 signal transduction pathway is responsible for sensing
pH levels in C. albicans. This pathway involves the plasma memb-
rane receptors Rim2 and Dfg16, which measure the environmental
pH. When these receptors are activated, a signaling cascade is induced,
leading to the activation of the major pH-responsive transcription
factor Rim101. Rim101 enters the nucleus and coordinates pH-
dependent responses, allowing C. albicans to adapt to changing pH
environments (Davis, 2009). Studies have shown that pH sensing
by the Rim101 pathway is critical for C. albicans virulence. Mutant
forms of C. albicans with a defect in the Rim101 pathway had
reduced virulence in both a mouse model of oropharyngeal candidiasis
and a systemic mouse model of hematogenously disseminated
candidiasis (Davis et al., 2000). This highlights the importance of
pH sensing in the pathogenicity of C. albicans, and emphasizes the
significance of Rim101 pathway in the survival and virulence of C.
albicans. In addition to its pH adaptability, C. albicans has the
capacity to regulate extracellular pH under conditions of nutrient
scarcity. This enables the fungus to alkalinize its surrounding
environment, triggering the autoinduction of hyphae formation, a
critical virulence factor of C. albicans (Vylkova et al., 2011; Mayer
et al., 2012). The ability of fungus to sense, adapt, and modulate
extracellular pH levels is thus instrumental in its ability to coexist as
a commensal organism, while also allowing it to manifest as a fungal
pathogen in humans.

3.1.2 Metabolic adaptation

Metabolic flexibility is crucial for pathogenic fungi during infection
in different host niches because nutrition is a prerequisite for the
survival and growth of all living organisms. Metabolic adaptation
enables fungi to assimilate alternative nutrients in a changing
environment (Mayer et al., 2013). C. albicans typically resides in
the gastrointestinal microbiome of healthy individuals, where it
competes with other microbes, despite the abundance of nutrients in
the gut. However, in susceptible individuals with disseminated
candidiasis, C. albicans can gain access to the bloodstream, which is
rich in glucose, the preferred nutrient source for most fungi (Brock,
2009). Phagocytic cells such as neutrophils and macrophages can
efficiently phagocytose C. albicans, creating a hostile environment
with restricted nutrient availability due to the production of reactive
intermediates such as reactive oxygen species, reactive nitrogen species
and antimicrobial peptides (Frohner et al., 2009). To survive in this
environment, C. albicans switches from glycolysis to gluconeogenesis
and activates a starvation response through glyoxylate cycle
activation. Inside macrophages, amino acids and lipids serve as
nutrient sources for C. albicans (Lorenz et al., 2004). In addition to
metabolic flexibility, C. albicans have generated ways to escape
from macrophages by inducing hyphal formation and inhibiting the
antimicrobial effectors’ production. Hyphae formed inside phagocytic
cells can help the fungus pierce through the host immune system by
using mechanical forces (Lorenz et al., 2004; Ghosh et al., 2009).

The ability of C. albicans to respond rapidly and dynamically to
micro-environmental nutrient availability makes C. albicans a more
virulent fungal pathogen.

3.1.3 Temperature adaptation

High temperature causes the unfolding and aggregation of non-specific
proteins, creating a stressful condition that ultimately leads to cell
death. To prevent thermal stress, heat shock proteins (Hsps) are
produced by fungal cells, which act as chaperones that prevent protein
unfolding and aggregation and finally stabilize them (Mayer et al.,
2013). The transcription factor, heat shock factor 1 (Hsf1) regulates
the expression of Hsps. Mutants that are unable to activate Hsf1
show reduced virulence in a mouse model of systemic candidiasis,
suggesting the essentiality of Hsf1 for C. albicans pathogenicity and
viability in the host (Mayer et al., 2013). In C. albicans, six Hsps
have been identified: and out of those the Hsp60 was found to be
necessary to tolerate thermal stress (Leach et al., 2011). Besides the
above-mentioned Hsps, six small heat shock proteins (sHsps) have
also been identified in C. albicans. sHsps are chaperones with a low
molecular weight that prevent protein aggregation (Narberhaus,
2002). During thermal or other kinds of stress, sHsps are expressed
by the cell, and they bind aggregated proteins by transitioning from
oligomeric form to multimeric state (Eyles and Gierasch, 2010).
Clint proteins in these chaperone-aggregated complexes are kept
ready for disaggregation and refolding by other major Hsps. The
Hsp12 is expressed in response to different stresses, such as oxidative
stress and thermal stress. A C. albicans mutant with both HSP12
genes deleted did not cause virulence in a Drosophila infection model
(Fu et al., 2012). The investigations on Hsp21 have shown its
essential role in the regulation of intracellular trehalose levels. C.
albicans mutants with HSP21 deletions exhibit enhanced oxidative
stress sensitivity, impaired thermotolerance, and strongly attenuated
pathogenicity in a mouse model of systemic candidiasis (Mayer et
al., 2013).

3.1.4 Metal acquisition

Trace metals are essential for the survival and growth of all living
organisms, including bacteria, fungi, plants, and animals. Several
important metals such as zinc, manganese, iron, and copper are
required for the proper functioning of numerous proteins and
enzymes. Pathogens and their hosts have developed intricate
mechanisms to restrict or acquire access to these metals (Hood and
Skaar, 2012). Among the transition metals investigated in
pathogenesis, iron has been the most widely studied. C. albicans,
for instance, acquires iron through various systems, such as the
heme-iron uptake system, siderophore system, and reductive system
(Almeida et al., 2009). The heme-iron uptake system enables iron
acquisition via hemeproteins and hemoglobin, and it is mediated by
members of the heme-receptors gene family, including CSA1, CSA2,
RBT5, RBT51, and PGA7. Though the roles of Csa1, Csa2, Rbt51,
and Pga7 in Candida virulence have yet to be investigated, the rbt5Ä/
Ä mutant shows normal virulence in mice, which might be due to
functional redundancy (Weissman and Kornitzer, 2004; Almeida et
al., 2009). Siderophores, on the other hand, are not synthesized by
C. albicans on their own, but they can use siderophores generated
by other microorganisms (also known as xeno-siderophores) to steal
iron. C. albicans uptake system is facilitated by Sit1, the only
siderophore transporter in C. albicans. A sit1Ä/Ä mutant exhibits
normal virulence in a mouse model of disseminated candidiasis.
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However, the mutant has a severely impaired capacity to damage
human keratinocyte tissue in ex vivo condition (Heymann et al.,
2002).

Iron acquisition via the reductive system is mediated from host
transferrin, ferritin, or the environment. Als3 (adhesin and invasin) is
the receptor for ferritin. Iron acquisition with the help of Als3 from
host ferritin contributes to iron acquisition depending on the infection
stage (Mayer et al., 2013). Deletion of the ALS3 gene reduces the
capacity to damage in vitro oral epithelial host cells, although an
als3Ä/Ä mutant shows normal virulence in a mouse model of
disseminated candidiasis (Cleary et al., 2011). After iron, zinc is the
second most abundant metal in most living organisms. The zinc-
binding protein Pra1 (pH-regulated antigen 1) secreted by fungi acts
as a zincophore when it binds to extracellular zinc and re-associates
with fungal cells. This process is similar to the siderophore-mediated
acquisition of iron. Pra1 re-association is mediated by Zrt1, a zinc
transporter. Deletion of the PRA1 gene reduces capacity of C. albicans
to damage endothelial cells in vitro when exogenous zinc is absent
(Soloviev et al., 2011). This suggests that zinc acquisition plays a
critical role during certain stages of Candida infections. The
mechanisms of copper and manganese acquisition by C. albicans are
still poorly understood but these metals are also essential for fungal
growth.

3.2 Virulence factors

3.2.1 Polymorphic switching

C. albicans exhibits various morphologies, including yeast (ovoid-
shaped budding), pseudohyphae (ellipsoid-shaped cells with septal
constrictions), true hyphae (parallel-walled filaments),
chlamydospores (thick-walled spore-like structures), and white/
opaque cells (formed during the transition stage) (Berman and
Sudbery, 2002). Each morphology type displays different
pathogenicity levels, and the transition between yeast and hyphae is
known as dimorphism. The morphology of C. albicans is affected
by a wide range of environmental factors at low pH (<6), C. albicans
grows in the yeast form, while at high pH (>7) it grows in hyphal
form. Other factors, such as starvation, physiological temperature,
carbon dioxide, and the presence of serum or N-acetyl glucosamine,
promote hyphae formation. Quorum sensing, a microbial
communication mechanism, also regulates the morphogenesis of C.
albicans (Hornby et al., 2001). As a result of yeast growth is favored
at high cell densities (>107 cells ml-1), while hyphal growth is
promoted at low cell densities (<107 cells ml-1). Farnesol, tyrosol,
and dodecanol are the main quorum sensing molecules for C. albicans
(Mayer et al., 2013).

3.2.2 Adherence

Adhesins are a critical class of proteins in C. albicans that enable the
organism to adhere to a variety of surfaces, including other
microorganisms, host cells, and abiotic surfaces (Garcia et al., 2011).
The agglutinin-like sequence (ALS) family of proteins comprises
eight members and is the most extensively studied adhesins in C.
albicans. Among these proteins, Als-3, an adhesin associated with
hyphal growth, plays a pivotal role in promoting adhesion (Murciano
et al., 2012). During in vitro infection of oral epithelial cells and in
vivo vaginal infections, there is an upregulation of the ALS3 gene
expression (Wachtler et al., 2011).

3.2.3 Invasion

C. albicans utilizes two primary mechanisms to invade host cells:
active penetration and induced endocytosis (Mayer et al., 2013).
Active penetration is a fungal-driven process that requires viable C.
albicans hyphae (Dalle et al., 2010; Wachtler et al., 2011), while
induced endocytosis is a process whereby the fungus expresses
specialized proteins, known as invasins, that mediate binding to
host ligands (such as E-cadherin on epithelial cells and N-cadherin
on endothelial cells), and thereby trigger the engulfment of fungal
cells into the host cells. Interestingly, the viability of fungal cells
does not matter for induced endocytosis, as this process is passive
and can even uptake killed or dead hyphae (Dalle et al., 2010). Of the
invasions, Als-3 (which also acts as an adhesin) and Ssa1 are the
most notable (Phan et al, 2007; Sun et al., 2010). Ssa1 is a member of
the heat shock protein 70 (Hsp70) family and is expressed on the
cell surface. Both Als-3 and Ssa1 induce endocytosis by binding to
host E-cadherin. However, in C. albicans, macropinocytosis also
plays a role in induced endocytosis (Dalle et al., 2010).

3.2.4 Biofilm formation

C. albicans is capable of forming biofilms on both biotic (e.g., mucosal
cell surfaces) and abiotic (e.g., catheters and dentures) surfaces, which
is a key virulence factor in C. albicans infections (Taff et al., 2012).
Biofilm formation is a complex process that involves a series of
events such as adherence of yeast cells to the substrate, yeast cell
proliferation, formation of hyphal cells, accumulation of extracellular
matrix material, and finally, dispersion of yeast cells from the biofilm
complex, all of which occur in a sequential manner (Kanwar et al.,
2019). In comparison to planktonic cells, mature biofilms exhibit
greater resistance to host immune factors and antifungal agents (Finkel
and Mitchell, 2011; Fanning and Mitchell, 2012). The factors
responsible for this increased resistance include the complex biofilm
architecture, biofilm matrix, metabolic plasticity, and increased
expression of drug efflux pumps (Fanning and Mitchell, 2012). The
Hsp 90 has been identified as the major heat shock protein that
regulates the dispersion of C. albicans biofilms and is also required
for biofilm antifungal drug resistance (Robbins et al., 2011).

Biofilm formation in C. albicans is regulated by different transcription
factors such as Tec1, Bcr1, and Efg1 (Fanning and Mitchell, 2012).
Additional factors control the production of extracellular matrix,
such as the zinc-responsive transcription factor Zap1, which
negatively regulates -1,3 glucan, a major component of the biofilm
matrix. Meanwhile, the positive regulators of -1,3 glucan production
are glucoamylases (Gca1 and Gca2), glucan transferases (Bgl2 and
Phr1), and exoglucanase (Xog1) (Nobile et al., 2009). -1,3 glucan
present in the extracellular matrix protects C. albicans from host
immune factors and antifungal agents.

3.2.5 Thigmotropism and contact sensing

The sensing of contact is a critical environmental cue that triggers the
formation of hyphae and biofilms in C. albicans. When these yeast
cells come into contact with surfaces, they undergo a transition to
hyphal growth, which can enable them to invade the substratum of
certain surfaces such as agar and mucosa (Kumamoto, 2008). In fact,
biofilm formation is often induced by the contact with solid surfaces.
This phenomenon, known as thigmotropism, is the directional growth
of hyphae that occurs on surfaces with specific topologies, such as
the presence of ridges on the surface (Mayer et al., 2013).
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Thigmotropism is regulated by the uptake of extracellular calcium
through calcium channels Mid1 and Cch1. Brand et al. (2008) provide
evidence of the requirement of C. albicans thigmotropism to fully
damage epithelial cells and to have normal virulence in mice. Therefore,
the accurate sensing and response to both biotic and abiotic surfaces
is crucial for the pathogenicity of Candida.

3.2.6 Hydrolytic enzymes

C. albicans hyphae play an important role in the pathogenicity of
this fungus, as they can secrete hydrolases that facilitate the active
penetration into host cells after adhering to host cell surfaces and
undergoing hyphal growth (Wachtler et al., 2012). This process also
increases the efficiency of nutrient acquisition from the extracellular
environment. Three classes of hydrolases are mainly expressed by
C. albicans: proteases, lipases, and phospholipases. The secreted
aspartic proteases (Saps) comprise ten members, Sap1-10, and while
Sap9 and Sap10 remain bound to the cell surface, Sap1-Sap8 are
secreted into the surrounding medium. Among these, Sap1-Sap3 are
required in vitro to damage the reconstituted human epithelium and
for pathogenicity in a mouse model of systemic infection, although
the exact contribution of Saps to C. albicans pathogenicity remains
controversial (Albrecht et al., 2006).

The family of lipases also consists of ten members (Lip1-10) and a
lip8/ mutant has been shown to have reduced virulence in a mouse
model of systemic infection, indicating the involvement of these
extracellular hydrolases in the pathogenicity of C. albicans (Gacser
et al., 2007). The phospholipase family is composed of four different
classes: A, B, C and D, but only five extracellular members of class B
(PLB1-5) have been shown to contribute to pathogenicity by
disrupting host plasma membranes. Both plb1/ and plb5/
mutants displayed weakened virulence in a mouse model of systemic
infection (Mavor et al., 2005; Theiss et al., 2006). These findings
suggest that hydrolases play an important role in the pathogenicity
of C. albicans and highlight the need for further investigation of the
mechanisms involved in their secretion and function during infection.

4. Host defense against Candida infection

Host defense against Candida infection mainly relies on entire mucosal
and skin barriers, and appropriate fungal recognition. These actions
trigger the protective innate and adaptive defense mechanisms against
fungal pathogens (Netea et al., 2008). Skin and mucosa are the first
line of defense, offering a mechanical barrier and microbial antagonism.
Protective innate and adaptive immune mechanisms activate only
after the first line of defense has failed and critically depend on
adequate recognition of fungal pathogens. Candida recognition is
mediated by pattern recognition receptors (PRRs) that bind with
pathogen-associated molecular patterns (PAMPs). Components of
fungal cell walls, such as heavily glycosylated proteins by O-linked
and N-linked mannosylation as well as -(1,3)-glucan covalently
linked with -(1,6)-glucan (Iorio et al., 2008) and chitin, are the most
studied and known PAMPs of Candida. All of these cell wall
components act as ligands for one or more PRRs. The two main
classes of PRRs in Candida recognition are toll-like receptors (TLRs),
such as TLR2, TLR4, and C-type lectin receptors, such as dectin-1,
dectin-2, mincle, and mannose receptors (Wells et al., 2008; Robinson
et al., 2009). At the site of infection, the interaction between PRRs
expressed by different types of cells present determines the initiated
response of Candida.

Monocytes, macrophages, and polymorphonuclear cells (PMNs) are
necessary for the main innate effector responses, such as induction
of ROS and Candida phagocytosis, that can damage and eliminate
fungus. For proper activation of PMNs, pro-inflammatory cytokines
like interleukin (IL)-1 and tumor necrosis factor  (TNF) are
crucially required. TNF  is essential for the anti-Candida defense
of the host via phagocytosis and neutrophil recruitment. TNF
deficiency resulted in higher mortality during experimental
disseminated candidiasis (Netea et al., 2004). Moreover, CD4 T
lymphocytes produce IFN which induces Candida-specific
immunoglobulin production and NO production by macrophages,
also playing an important role in the stimulation of PMNs’ antifungal
activity. The finding that knockout mice defective in IFN are very
susceptible to C. albicans infection has highlighted the crucial role of
endogenous IFN in the resistance against systemic candidiasis.
Disseminated candidiasis is also more prevalent in mice lacking the
cytokine IL-18, which is essential for the induction of IFN (Netea et
al., 2003). Hence, faults that prevent Candida from being killed by
phagocytosis and defects that cause IFN production appear to be
related to the pathophysiology of invasive candidiasis.

Epithelial cells are a significant source of pro-inflammatory cytokines
in the mucosa, and they are known to play a central role in protecting
against fungal pathogens (Van De Veerdonk et al., 2010). Several
studies have advocated the involvement of epithelial cells in the
production of interleukin-8 (IL-8) and granulocyte-macrophage
colony-stimulating factor (GM-CSF) in response to Candida spp.
infection. Oral epithelial cells have also been found to up-regulate
the antifungal activity of neutrophils in vitro, and this effect is believed
to be partially dependent on IL-1a. Neutrophils may also up-regulate
Toll-like receptor 4 (TLR4) expression in response to C. albicans-
infected human oral epithelium, which has been directly linked to
protection against fungal invasion of the epithelium (Dongari-
Bagtzoglou et al., 2005).

Th17 (IL-17/IL-22-producing) cells and CD4+ T helper (Th)1 (IFN-
producing) cells are responsible for stimulating the adaptive immune
responses necessary for antifungal defense. Antigen presentation in
the presence of the cytokine IL-12 triggers the Th1 response that is
specific to Candida. On the other hand, the presence of IL-1 and IL-
23 induces and maintains Th17 responses. Furthermore, oral
candidiasis often occurs in people with HIV who have low CD4
levels, emphasizing the crucial role T helper cells play in the host’s
mucosal anti-Candida response. CD8+T cells have also been found
to be critical for anti-Candida host defense in the absence of CD4+T
cells.

Overall, these findings highlight the complex interplay between
epithelial cells and various immune cells in the host’s anti-Candida
defense mechanisms. Further studies are underway to elucidate the
precise mechanisms underlying the role of epithelial cells in the
immune response to Candida infection, with the ultimate goal of
developing targeted therapies for oral candidiasis.

5. Medication available to combat fungal pathogens

Invasive fungal infections are responsible for 1.7 million deaths
annually worldwide (Vitiello et al., 2023) predominantly affecting
AIDS patients, immunocompromised individuals, and organ transplant
recipients. Among the most prevalent types of invasive fungal
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infections are candidiasis, aspergillosis, and mucormycosis, with an
annual incidence of over 750,000, 300,000, and 10,000 cases, respec-
tively, (Houst et al., 2020). These infections are associated with high
mortality rates, highlighting the urgent need for effective treatment
options. Fungal infections have been documented for centuries, but
it was not until the 1930s that the first antifungal drug, griseofulvin,
was isolated from the metabolic products of Pencillium griseofulvum.
However, its efficacy in treating fungal infections was not established

until 1958, and it was not widely used for clinical purposes until
then. Subsequently, more effective antifungal drugs, such as polyene
and amphotericin B, were introduced in 1960 and have been consi-
dered the best antifungal drugs to date (Kabir and Ahmad, 2013). Since
then, a large number of antifungal drugs have been developed and
utilized in the treatment of fungal infections and invasive, life-threatening
fungal diseases. These antifungal drugs kill the fungal cells by targeting
different parts of fungal cell as described in Figure 2.

Figure 2: Different targets of antifungal drugs.

5.1 Azoles

Azoles are a widely used class of antifungal drugs that are effective
against both mucosal and systemic infections caused by C. albicans.
The first azole derivatives were introduced in the 1960s and have
since expanded in number (Xu et al., 2011). Azole drugs are classified
into imidazoles and triazoles, depending on the presence of two or
three nitrogens in the five-membered azole ring. They work by
inhibiting the ergosterol biosynthetic pathway, which is essential
for maintaining the asymmetry and fluidity of the fungal cell
membrane, and the overall integrity of the cell wall. Ergosterol is the
primary component of the fungal cell wall and acts as a bioregulator
(Cerqueira et al., 2021).

Azoles decrease the level of ergosterol in the cell membrane by
inhibiting the cytochrome P450-dependent enzyme lanosterol 14-
-demethylase which is encoded by the ERG11 gene. Fungal
lanosterol demethylation is a two-step process that involves the
reduced form of both oxygen and nicotinamide dinucleotide phosphate
(NADPH). The nitrogen from the triazole ring binds to heme iron,
thereby preventing the oxidation of the methyl group (Sachin et al.,
2018). The result of this inhibition is the accumulation of toxic 14-
-methylsterols and depletion of ergosterol, leading to a fungistatic
effect.

Moreover, the altered cell membrane structure due to azoles results
in several other responses, such as inhibition of hyphal development,
inactivation of vacuolar ATPases (V-ATPase), and changes in oxidative
and nitrosative stresses. These effects have been observed in various
studies and suggest that azoles may have additional mechanisms of
action beyond their antifungal activity (Bhagat et al., 2020). In
summary, azoles are an important class of antifungal drugs that
target the ergosterol biosynthetic pathway. The altered cell membrane
structure due to azoles also leads to several other responses that
may contribute to their efficacy.

5.2 Echinocandins

This is a class of lipoproteins that have antifungal activity against
Candida both in vitro and in vivo, discovered in the 1970s. These are
fermentation products of various microorganisms and modified
analogues of pneumocandins (Houst et al., 2020). Anidulafungin,
caspofungin, and micafungin are some of the commonly used
echinocandins (Toth et al., 2020). Anidulafungin is derived from
echinocandin B0 (Aspergillus nidulans), caspofungin from
pneumocandin B0 (Glarea lozoyensis), and micafungin from
pneumocandin A0 (Coleophoma empetri) (Houst et al., 2020).
Echinocandins are cyclic hexapeptides with specific lipophilic N-
acetylated side chains, and their physicochemical properties are
determined by their core. These are specific noncompetitive inhibitors
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of the enzyme -(1,3)-glucan synthase (responsible for the synthesis
of -glucan). The enzyme -(1,3)-glucan synthase is composed of
intracellular regulatory Rho1 units and transmembrane catalytic Fks,
and due to inhibition, it is unable to convert uridine diphosphate
glucose to -d-glucan, making the fungal cell wall highly permeable
(Houst et al., 2020). Anidulafungin is a semisynthetic echinocandin
that is more effective against systemic candidiasis caused by
C. albicans compared to the commonly used fluconazole. It also
cleanses blood infections faster, thus having a more effective global
response (Van Daele et al., 2019).

5.3 Fluorinated pyrimidine analog

5-Fluorocytosine (5-FC) was initially discovered as an anticancer
drug in 1957, but later in 1968, it was tested for the treatment of
fungal infections, particularly candidiasis and cryptococcosis, as its
efficacy in cancer treatment was not proven. Although 5-
fluorocytosine itself does not have antifungal activity, one of its
metabolites, 5-fluorouracil (5-FU) was found to be toxic against fungal
cells (Van Daele et al., 2019). 5-FC is a synthetic analogue of cytosine,
which is taken up by cytosine permease into fungal cells after
administration and deaminated into 5-FU by cytosine deaminase.
Subsequently, 5-fluorouracil is converted into 5-fluorouridine
triphosphate, which is incorporated into fungal RNA and inhibits
protein synthesis. Uridine monophosphate pyrophosphorylase can
also convert 5-fluorouracil into 5-fluorodeoxyuridine, which inhibits
the primary thymidine source thymidylate synthetase in DNA
biosynthesis due to the enzyme’s inability to remove the fluorine
atom (Houst et al., 2020). However, 5-FU is toxic to mammalian
cells, which is why it is not administered directly to candidiasis
patients. Instead, 5-FC is used as it is safer compared to 5-FU. Upon
entering Candida cells through cytosine permease, 5-FC is rapidly

converted into 5-FU, which exerts toxic effects on fungal cells (Van
Daele et al., 2019).

5.4 Polyenes

Fungicidal antibiotics produced by Streptomyces spp. have a broader
spectrum than other antifungal drugs (Nguyen et al., 2021). Polyenes,
including amphotericin B (AMB), natamycin, and nystatin, are
commonly used drugs that bind specifically to ergosterol, which
results in damage to the cell membrane and ultimately, cell death.
AMB is a cyclic heptane produced by the Gram-positive bacterium
Streptomyces nodosus. It has a direct intermolecular interaction with
ergosterol, but it also interacts with cholesterol, a component of
mammalian cell membranes (Matsumori et al., 2009). Despite having
a higher affinity towards ergosterol-containing cell membranes than
cholesterol-containing or sterol-free cell membranes, AMB also
interacts with mammalian cell membranes, which can lead to toxicity
(Wu et al., 2019).

AMB has two mechanisms of action. The first mechanism occurs
after several AMB molecules incorporate into the fungal cell
membrane’s lipid bilayer, forming membrane-spanning ion channels
that cause disruptions in the plasma membrane, leading to increased
membrane permeability. As a result, essential components leak out,
ultimately causing death of the fungal pathogens (Al-Dhaheri and
Douglas, 2010). In the second mechanism, AMB induces the
accumulation of reactive oxygen species, which leads to DNA, protein,
membrane, and mitochondrial damage in fungal cells. Polyenes
showcase fungicidal activity by causing oxidative damage to fungal
cells. While AMB has a broad spectrum against many fungal
pathogens, it also has substantial high toxic effects on human cells,
which can lead to renal failure in patients (Mouri et al., 2008).

Table 1: Properties of some of the commonly used antifungal drugs

S. No. Antifungal Mode of action Side effects Resistance mechanism References
drug

1 Azole Inhibit lanosterol 14 -de- Hepatotoxicity Alteration of specific steps in the ergosterol biosynthetic (Sachin et al., 2018;
methylase (a product of pathway and by drug efflux which occur due to decrease Cerqueira et al., 2021)
ERG 11 gene) in ergosterol in Erg11 protein by mutation up-regulation of
biosynthesis multidrug transporter genes.

2 Echinocandins Inhibit -(1,3)-glucan Tachycardia, By altering the echinocandins affinity for -1,3 glucan (Van Daele et al., 2019;
synthase (a product of hypotension, or synthase. Toth et al., 2020)
GSC1 gene) in cell wall thrombophlebitis
biosynthesis

3 Fluorinated Misincorporation of Hepatotoxicity, Deregulation of pyrimidine biosynthetic pathway, due to (Van Daele et al., 2019)
Pyrimidine 5-flouorouracil during myelotoxicity, defects in cytosine deaminase and lack of essential enzyme
Analog DNA and RNA synthesis and gastrointes- for 5-FC metabolism.

tinal problems

4 Polyenes Increase cell membrane infusion and dose- Alteration of specific steps in biosynthetic pathway due to (Wu et al., 2019; Nguyen
permeability and oxidative related toxicity decrease or absence in binding ergosterol content. et al., 2021)
damage to ergosterol

5 Allylamines Inhibit squalene epoxidase Hypersensitivity Alteration in the ERG1 gene. (Kabir and Ahmad, 2013;
(a product of ERG1 gene) or allergic Alghaith et al., 2021)
in ergosterol biosynthesis reactions and

increased risk of
both local and
systemic toxicity

5.5 Allylamines

Non-competitive inhibitors of squalene epoxidase, such as
allylamines, are effective against numerous fungal pathogens,

including Candida strains that are resistant to azole drugs. Commonly
used allylamines include naftifine and terbinafine. These inhibitors
target the gene ERG1, which encodes the squalene epoxidase enzyme
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that is critical for ergosterol biosynthesis (Van Daele et al., 2019).
Unlike azoles, allylamines do not deplete ergosterol levels in fungal
cells. Instead, they cause the accumulation of squalene, which disrupts
plasma membrane formation and organization, ultimately resulting
in increased membrane permeability and cell death.

Naftifine, in particular, has been shown to be highly effective in
treating fungal infections and relieving associated symptoms.
Additionally, naftifine has been found to possess anti-inflammatory
properties, including the reduction of superoxide production and
polymorphonuclear leukocyte chemotaxis (Alghaith et al., 2021).
Therefore, it may offer advantages over other antifungal agents,
particularly for the treatment of infections that are accompanied by
inflammation. Various antifungal drugs with their mode of action,
side effects caused by them and resistance mechanisms acquired by
fungal against these antifungal drugs have been presented in Table 1.

6. Antifungal drug resistance

Overuse of antifungal drugs increases the opportunistic fungal
pathogen resistance. The World Health Organization (WHO) has
identified such types of antimicrobial resistance as the dominant
threat of 2019 (Houst et al., 2020). Antifungal drug resistance is an
evolutionary process which is based on the natural selection of
organisms resulting in their enhanced ability to survive and grow in
the presence of drugs. This process is ubiquitous in nature and
microbes evolve different strategies to combat the action of antifungal
drugs (Rani and Azmi, 2019). Antifungal drug resistance results from
multiple factors and emerges by a series of molecular mechanisms.
Naturally, intrinsic resistance has been found in some fungal species
like C. krusei, C. glabrata, and Aspergillus species are fluconazole-
resistant but acquired resistance is a consequence of widespread
prophylaxis, long-term therapies, or antifungals use in agriculture,
especially in the case of triazoles. In addition, secondary resistance
may occur after vertical and horizontal transmission in both animals
and humans (Houst et al., 2020).

The Candida infections are treated with various antifungal drugs,
but drug resistance poses a serious problem to individual patient
health and creates difficulties in managing healthcare systems. Factors
such as the efflux of antifungal drugs from fungal cells, modifications
of target sites due to point mutations in genes, modulation of
transcription factors, and key enzyme modifications in biosynthetic
pathways play a crucial role in drug resistance (Cannon et al., 2009;
Morschhauser, 2010). The two main mechanisms that result in these
modifications are efflux pumps and mutations in target sites.

6.1 Efflux pumps

Drug resistance in Candida spp. is primarily caused by efflux pumps,
which are transmembrane proteins that transport various substrates
across membranes using different energy sources. The two major
classes of efflux pumps are ATP binding cassette (ABC) pumps,
which use ATP as their energy source, and major facilitator
superfamily (MFS) pumps, which use proton motive force across
the plasma membrane (Kiran et al., 2021). Among the ABC
transporters, Cdr1p and Cdr2p, and among the MFS efflux pumps,
Mdrp1, have been well studied and are known to play a significant
role in antifungal drug resistance in C. albicans (Prasad and Goffeau,
2012). The structure-function analysis of Cdr1p and Cdr2p reveals
that these transporters have two distinct domains, the transmembrane
domains (TMDs) and nucleotide binding domain (NBDs), which

produce inward-facing cavities for drug binding. These cavities can
be accessed from either the cytoplasm or the lipid bilayer (Kabir and
Ahmad, 2013). When two ATP molecules bind with two NBDs,
conformational changes in TMDs induce the extracellular opening
and intracellular closing of these cavities, allowing the bound drugs
to be effluxed from the cell. The hydrolysis of NBDs bound ATP
resets the efflux pump in drug-binding mode, completing one cycle
that is repeated to efflux the drug from the fungal cell, thus making it
drug-resistant. While this mechanism has been presumed from the
ABC transporter Sav1866 of Staphylococcus aureus whose crystal
structure is available together with AMP-PNP in the absence of an
ABC transporter crystal structure (Dawson and Locher, 2007;
Pinkett et al., 2007), over expression of Cdr1p, Cdr2p, and Mdr1p
is the main reason for azole resistance in clinical isolates of Candida
spp. Cdr1p and Cdr2p also implicate drug resistance to topical
antifungal agents, such as amorrolfine and terbinafine.

6.2 Target site mutations

In antifungal drug-resistant clinical strains of Candida spp., mutations
are observed in several genes. However, a particular mutation in a
specific gene is necessary for a strain to become resistant to a
particular drug. For instance, a mutation in the ERG11 gene can
reduce the binding of azoles to lanosterol 14--demethylase, resulting
in increased resistance to azoles. Candida strains with a mutation in
the ERG11 gene also exhibit cross-resistance to different azoles
(Lamb et al., 2000). Mutations in the FUR1 gene, which encodes
uracil phosphoribosyl transferase, prevent the conversion of 5FU
to FdUMP, leading to 5FC resistance in Candida strains. This
mutation affects the uptake of 5FC or its conversion to 5FU and its
incorporation into newly synthesizing nucleic acid (Florent et al.,
2009). The FUR1 gene mutation occurs at the 301 bp position,
resulting in an amino acid change from arginine to cysteine at the 101
bp position in Fur1p.

Mutations in the FCA1 gene, which encodes the cytosine deaminase
enzyme, are also implicated in 5FC resistance in C. albicans, resulting
in amino acid changes from glycine and serine to aspartate and leucine,
respectively, at positions 28 and 29 of this enzyme. The resistance
to 5FC due to the FCA1 gene mutation was also observed in other
Candida spp., such as C. glabrata, C. dubliniensis, and C. lusitaniae.
Similarly, mutations in the FKS1 gene, which encodes a subunit of
the -1, 3-glucan synthase complex, can cause resistance to
echinocandin drugs (De Oliveira Santos et al., 2018). Candida spp.
are highly resistant to antifungal drugs and possess virulent features,
such as the ability to form biofilms with other species, making them
a serious risk to human health (Kiran et al., 2021). Additionally, as
fungi are eukaryotic organisms that parasitize eukaryotic hosts,
developing safe and broad-spectrum antifungal drugs is challenging
due to the limited physiological differences between the two (Liu et
al., 2017). Therefore, there is a pressing need for new antifungals
with a novel mode of action that can avoid cross-resistance and
cross-toxicities. Combination therapies can be a better option as
they are capable of preventing the emergence of drug resistance and
increasing the efficacy of antifungals.

7. Lactic acid bacteria and its role in management of C.
albicans infections

Before the 20th century, the terms “milk souring bacteria” and “lactic
acid producing bacteria” were used interchangeably, leading to
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confusion in the scientific community. However, in the early 1900s,
the term Lactic Acid Bacteria (LAB) gained acceptance (van Reenen
and Dicks, 2011) and has since been used to refer to a group of
closely related bacteria that share physiological, morphological, and
metabolic similarities. LAB are classified based on their morphology,
growth at certain temperatures, sugar utilization range, and glucose
fermentation modes. Phylogenetic analysis has been critical in
characterizing LAB, with rRNA sequencing providing the most
accurate and powerful technique for determining their relationship
with other microorganisms. Specifically, the analysis of long rRNA
sequences (~1500 bases of 16S rRNA) can be used to determine the
phylogenetic positions of species and genera. This technique has led
to the emergence of new genera descriptions and contributed to our
understanding of LAB phylogeny and classification. (Tamang et al.,
2008; Hovarth et al., 2009; Pang et al., 2011). LAB are Gram-positive,
non-motile, non-spore-forming, and typically cocci or rod-shaped.
They are part of the human microbiome and are known for their
ability to produce lactic acid as their major end product through
carbohydrate fermentation (Kiran et al., 2021). Despite their lack of
cytochromes and porphyrins synthesis, LAB generates ATP through
sugar fermentation and does not require oxygen for energy production.
Moreover, LAB are able to grow under anaerobic conditions but are
also aerotolerant anaerobes due to the presence of peroxidases
(Stieglmeier et al., 2009), which protect them from oxygen
byproducts.

There are two types of sugar fermentation pathways present in
LAB: glycolysis, which results in the exclusive production of lactic
acid under standard conditions, also known as homolactic
fermentation; and the 6-phosphogluconate pathway, which produces
other metabolites in addition to lactic acid, such as acetate, ethanol,
and CO2. This pathway is referred to as heterolactic fermentation
(Abbott et al., 2009). The diverse metabolic capacity of LAB allows
them to adapt to different environmental conditions. In addition to
their ability to ferment sugars, LAB are known to inhibit the growth
of Candida spp. through various mechanisms, including the
production of antagonistic metabolites and competition for adhesion
sites (Suissa et al., 2021). In the human body, LAB produce organic
acids, carbon peroxide, hydrogen peroxide, diacetyl, antimicrobial
substances (such as bacteriocins), and adhesion inhibitors (such as
biosurfactants) that exhibit antifungal activity (Khalid, 2011; Kiran
et al., 2021). These metabolites naturally suppress filamentation, a
key virulence feature of C. albicans.

Moreover, the use of Lactobacilli-derived probiotic bacteria has
emerged as a new technique for the therapy of Candida infections in
recent years. probiotic Lactobacillus strains such as L. crispatus, L.
acidophilus and L. paracasei show fungicidal or candidacidal effects.
The candidacidal effects of L. crispatus, which is thought to contribute
to vaginal microbiota regulation by competing with other microflora
for colonisation of vaginal epithelial cells and releasing H2O2 and
other metabolites that promote intracellular antifungal activity (Li et
al., 2019). Viable L. acidophilus are able to suppress the viable C.
albicans in the alimentary canal, stomach and intestine (Wagner et
al., 2000). Antifungal properties of orally derived probiotic L.
paracasei are decreased expression of virulence genes (ALS3, HWP1,
EFG1 and CPH1), biofilm deterrence and retardation of hyphal
formation resulting in inhibition of C. albicans growth (Ribeiro et
al., 2020).

7.1 Metabolites produced by LAB

Probiotic bacteria, including Lactobacilli, are well-known for their
positive impact on human interference factors due to their production
of various antimicrobial agents, such as organic acids, hydrogen
peroxide, carbon peroxide, diacetyl, low molecular weight
antimicrobial substances, bacteriocins, and adhesion inhibitors like
biosurfactants (Merk et al., 2005; Gupta and Garg, 2009). LAB
produces various metabolic byproducts that support their persistence
in the host and provide them with a survival advantage over other
pathogens (Zangl et al., 2020). For instance, Lactobacillus spp.
generate metabolites such as organic acids (acetic and lactic acid),
reactive oxygen species (H2O2), bacteriocins, biosurfactants, and other
compounds.

7.1.1 Organic acids

Lactobacilli are known to produce short-chain aliphatic organic acids,
including acetic and lactic acid. In the vaginal environment, the
concentration of acetic acid is typically low, ranging from 1-4 mM,
as this environment is anaerobic or micro-aerobic, and acetic acid is
mainly produced under aerobic conditions. However, the
concentration of acetic acid may increase during bacterial vaginosis.
In contrast, the concentration of lactic acid is typically high, ranging
from 110 mM (O’Hanolan et al., 2013). Lactic acid is produced
through anaerobic respiration and helps to lower the pH in the vaginal
tract. It has been shown to inhibit the growth of C. albicans at a low
pH. The production rate and capability of lactic acid are strain-
specific and only an elevated concentration of lactic acid can
efficiently inhibit fungal growth (Matsubara et al., 2016). This is
proposed because inhibition of C. glabrata or C. albicans is not
observed with the lactic acid concentration produced by the
supernatant of an L. rhamnosus strain (Lourenco et al., 2019).
However, supernatants of L. rhamnosus, L. acidophilus, and L.
casei show antifungal activity against Candida spp. after prolonged
incubation, during which lactic acid accumulates in the medium
(Matsubara et al., 2016).

Studies show that Lactobacillus remains the dominant bacterial
species during vulvovaginal candidiasis (VVC), but the composition
of their strains could vary, leading to a reduction in lactic acid
concentration and other metabolites. This, in turn, permits Candida
growth in the vaginal tract (Zangl et al., 2020). Organic acids, such as
lactic and acetic acid, have been shown to increase the efficacy of
azoles against C. albicans at physiological concentrations. At high
concentrations, they also increase the efficacy of azoles against C.
glabrata (Lourenco et al., 2019). It is believed that the uptake of
azoles into yeast cells is increased due to the plasma membrane
perturbation caused by these undissociated organic acids (Mira et
al., 2010). While the overall concentration of organic acids is not
enough to have a fungistatic effect on its own, they could still be
used to improve the treatment of Candida infections by enhancing
the efficacy of azole antifungal drugs.

7.1.2 Hydrogen peroxide

H2O2 production is a very important feature of Lactobacillus spp.
against bacterial infections. H2O2 plays minor role in the defense of
Candida against Lactobacillus spp. in the micro aerobic environment
of vagina because the vaginal conditions are hypoxic and Lactobacillus
spp. produce H2O2 predominantly under aerobic conditions
(Tachedjian et al., 2017). Physiological concentration reached in
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Lactobacillus cultures (<100 µM) cause no harm to Candida spp.,
BV-associated bacteria and lactobacilli but H2O2 concentration like
10 mM are shown to be harmful to Lactobacillus spp. in vagina, thus
could harm the Candida spp. too. C. albicans growth is also inhibited
by non-H2O2 producers like L. rhamnosus GR-1 and H2O2 producer L.
reuteri RC-14 both (Kohler et al., 2012). Similar results were seen with
C. glabrata (Chew et al., 2015) because most of C. glabrata isolates
are very tolerant against reactive oxygen species like H2O2.

H2O2 production is an important defense mechanism employed by
Lactobacillus spp. against bacterial infections. However, in the
hypoxic vaginal environment where Lactobacillus spp. primarily
reside, H2O2 production is not a significant factor in the defense
against Candida spp. This is because Lactobacillus spp.
predominantly produce H2O2 under aerobic conditions (Tachedjian
et al., 2017). In addition, H2O2 concentrations that are typically
reached in Lactobacillus cultures (<100 µM) pose no threat to
Candida spp., BV-associated bacteria, or lactobacilli. However, higher
concentrations of H2O2 (e.g., 10 mM) have been shown to be harmful
to Lactobacillus spp. in the vaginal environment, which could
potentially harm Candida spp. as well. Interestingly, some non-
H2O2 producers, such as L. rhamnosus GR-1, are also able to inhibit
the growth of C. albicans, as are H2O2 producers like L. reuteri RC-
14 (Kohler et al., 2012). Similarly, C. glabrata has been found to be
tolerant to reactive oxygen species, including H2O2, which may explain
why the growth of this species is not inhibited by Lactobacillus
spp. (Zangl et al., 2020).

7.1.3 Bacteriocins

LAB produce a range of antifungal factors, including small
biomolecules such as bacteriocins and biosurfactants. Bacteriocins
are proteinaceous substances that can inhibit the growth of the same
or closely related species (Peleg et al., 2010), while bacteriocin-like
substances (which are very similar to bacteriocins) have a broader
inhibitory range and can target species such as Gram-positive bacteria,
Gram-negative bacteria, or fungi. For instance, Lactobacillus pentosus
produces the bacteriocin-like peptide pentocin TV35b, which has a
fungistatic effect on C. albicans (Rodrigues et al., 2006). The pentocin
TV35b is the bacteriocin-like peptide that has been reported to have
this effect.

7.1.4 Biosurfactants

In recent years, biosurfactants have become increasingly important
in biotechnology for industrial and medical applications (Rivardo et
al., 2009). When biosurfactants are adsorbed onto a substrate surface,
they modify the surface’s hydrophobicity and interfere with microbial
adhesion and desorption processes. Probiotic bacteria release
biosurfactants in vivo as a defense mechanism against fungal strains
colonizing in the gastrointestinal and urogenital tracts (van Hoogmoed
et al., 2004). The initial step of fungal infection is adhesion to mucosa
and biosurfactants produced by Lactobacillus spp. have been shown
to reduce adhesion between the epithelial cell wall and the pathogen,
thus reducing the risk of fungal infection. Biosurfactants produced
by L. jensenni and L. gasseri have been found to inhibit the biofilm
formation of C. krusei, C. tropicalis and C. albicans on polystyrene
plates (Morais et al., 2017). Biosurfactant CV8LAC, produced by L.
brevis, has the potential to decrease the adhesion of C. albicans and
biofilm formation on pre-coated medical grade silicone (Ceresa et al.,
2015), making it a potential coating material for medical devices to
minimize Candida infections.

C. albicans induces cellular endocytosis in vaginal epithelial cells by
adhering and initiating morphological changes in cells. However, L.
crispatus has been found to reduce adhesion, proliferation, and hyphal
formation of Candida in infected cells (Niu et al., 2017). Pre-
incubation with L. crispatus L1 produced extracellular
polysaccharides that reduced C. albicans adhesion to Vk2/E6E7,
which is similar to cell-dependent adhesion reduction by pre-
incubated L. crispatus L1. Extracellular polysaccharides may be a
potential new coating agent. Adhesion reduction depending on cell is
due to Candida and Lactobacillus spp. coaggregation, which is a
characteristic of early biofilm formation involving adhesion-receptor
interaction between the cell surfaces of microbes. Therefore, proper
adhesion of Candida to mucosal surfaces is influenced not only by
competition for binding sites but also by changes in epithelial cell
surfaces and the adhesion ability of the pathogen itself (Parolin et
al., 2015).

7.2 Inhibition of C. albicans by LAB

Lactobacillus spp. have been shown to influence the morphology of
C. albicans. Tissue adhesion, biofilm formation and hyphal
morphogenesis are the required events in C. albicans pathogenesis.
Thus, many of the identified probiotic interference mechanisms of
LAB are associated with inhibition of one or more of these processes.
It is known that polysaccharides present on bacterial surface
(lipopolysaccharides, capsular polysaccharides and exopoly
saccharides) are involved in probiotic activity of certain Lactobacillus
strains. L. rhamnosus antagonize C. albicans by harboring galactose
rich exopolysaccharides on its surface which contribute its stable
colonization in host organs. Galactose rich exopolysaccharides blocks
the C. albicans adhesion to several host epithelial cells by binding
with lectin like adhesins present in C. albicans. The anti-adhesive
effect of L. rhamnosus is due to co-aggregation with C. albicans
rather than competitive exclusion.  Furthermore, L. rhamnosus
exopolysaccharides decrease the ratio of hyphae to yeast cells (Zeise
et al., 2021).

Co-culture with L. paracasei inhibits the formation of hyphae in
Candida (de Burros et al., 2018). Moreover, the interaction of C.
albicans with Lactobacillus alters the pattern of gene expression
associated with yeast-to-hyphae transition, adhesion, and biofilm
formation. For instance, treatment with L. paracasei supernatant
suppresses genes such as ALS3, HWP1, and EFG1 in C. albicans
cells (James et al., 2016). EFG1, which regulates the expression of
genes like HWP1, SAP, and ALS3 involved in the transition of yeast
to hyphal form, is inhibited by Lactobacillus. Notably, the yeast
form of Candida exhibits lower levels of adhesion and biofilm
formation as compared to its hyphal form (Hall and Noverr, 2017).
After interacting with L. paracasei, the expression of a yeast-form-
associated gene, YWP1, is induced. In addition, the pH-responsive
gene PHR1, which codes for a glucan remodeling enzyme supporting
hyphal growth, is down-regulated when C. albicans is co-cultured
with L. reuteri RC-14 and L. rhamnosus GR-1 (Calderon et al., 2010),
suggesting that Lactobacillus spp. help to maintain C. albicans in a
less invasive form and inhibit fungal overgrowth. Taken together,
these findings highlight the potential of Lactobacillus spp. as a novel
probiotic, with the specific strain having a crucial role in managing
C. albicans.
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8. Conclusion

Candidiasis is a serious and widespread disease due to limited
antifungal options and increasing drug resistance. Combination
therapy is a promising approach to enhance treatment outcomes
while reducing toxicity. Innovative technologies targeting Candida
spp. biofilm growth has significant potential for improving clinical
practice and preventive medicine. Lactobacilli have shown promise
as a novel strategy for controlling fungal infections, inhibiting Candida
growth through multiple mechanisms. Specific LAB strains, including
L. crispatus, L. acidophilus, and L. paracasei, have been identified
as potential probiotic candidates for preventing and treating Candida
infections. Administration of LAB-based probiotics can improve the
efficacy of conventional antifungal therapy and reduce the risk of
recurrent infections. Overall, LAB-based probiotics offer a natural
and safe alternative for the management of Candida infection, but
further research is needed to identify the most effective strains and
optimize their application methods for clinical trials.
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